MUC-2, the first described intestinal mucin gene, has become important as a prototype for secreted mucins in several organ systems. However, little is known about its protein backbone structure and hence its role in diseases such as colon cancer, ulcerative colitis, and cystic fibrosis, which are known to have mucin abnormalities. Studies in this manuscript show that MUC-2 contains two distinct regions with a high degree of internal homology, but the two regions bear no significant homology to each other. Region 1 consists mostly of48-bp repeats which are interrupted in places by 21-24-bp segments. Several of these interrupting sequences show similarity to each other, creating larger composite repeat units. Region 1 has no length polymorphisms. Region 2 is composed of69-bp tandem repeats arranged in an uninterrupted array of up to 115 individual units. Southern analysis of genomic DNA samples using TaqI and HinfI reveals both length and sequence polymorphisms which occur within region 2. The sequence polymorphisms have different ethnic distributions, while the length polymorphisms are due to variable numbers of tandem repeats. (J. Clin. Invest.
Introduction
Mucin glycoproteins are extremely large and heavily glycosylated structures that consist primarily of a polypeptide backbone and 0-linked oligosaccharide chains. Approximately 80% ofthe mass of mucins are carbohydrates, which gives them the high density, hydrodynamic volume, and viscosity necessary for the formation of mucus gels whose biological functions include maintenance of tissue hydration, lubrication, and cytoprotection against proteases, pH extremes, chemical irritants, and biological agents (1) .
Four human mucins have been described and at least partially characterized (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . All of these genes have been found Our laboratory has cloned partial cDNAs that are derived from two different human intestinal mucin genes, MUC-2 and MUC-3 (9, 13) . These genes appear to encode very large polymorphic proteins, but precise structural information has been lacking. The MUC-2 cDNAs were the first isolated and are the better characterized ofthe two. This gene is expressed in colon, small intestine, colonic tumors, bronchus, cervix, gall bladder, and possibly other tissues, suggesting that the MUC-2 gene product is physiologically important in many organ systems (9) (10) (11) (12) . In addition, mucin abnormalities have been described in a number of gastrointestinal diseases including cystic fibrosis, ulcerative colitis, and colon cancer (15) (16) (17) (18) . Mucinous colon adenocarcinomas appear to be more biologically aggressive with resulting poorer prognosis than histologically nonmucinous-tumors (19) . These two histologically different groups of colon carcinomas are also reported to have different patterns of chromosomal abnormalities (20) .
Further information pertaining to mucin structure and expression may lead to a better understanding ofthe pathology of several diseases. This paper gives a detailed analysis of the MUC-2 gene and the differences between its various alleles.
Methods
DNA isolation. Leukocytes were isolated from the peripheral blood of 156 healthy Caucasians and 15 healthy Asians by centrifugation and DNA was extracted by the method of Blin and Stafford (21) .
DNA (Southern) blotting. DNA was digested with various restriction enzymes and the fragments separated by electrophoresis through 0.8% agarose (22) . Blotting, hybridization, and washing were conducted as described (9) except that the final wash (in 0.1 X standard saline citrate, 0.1% SDS) was conducted at 650C rather than 55'C.
Four different hybridization probes were used. The cDNA clone SMUC 40 was used as a probe for the MUC-2 tandem repeats. For the BamHI and size fractionated by sucrose density gradient centrifugation (23) . The DNA was then precipitated from the fractions and examined by dot blot hybridization with the MUC-2 tandem repeat probe. Fractions giving the highest signal were pooled and used to construct a library in the Lambda-GEM-1 vector system (Promega Corp., Madison, WI). The library was then plated in soft agar at a density of - 25 ,000 plaques/ 150 mm plate using Escherichia coli strain KW25 1 as a host. Plates were then incubated at 370C until plaques formed, then overlayed for 2 min with nylon membranes. The membranes were then treated with 0.5 M sodium hydroxide/1.5 M sodium chloride to denature the DNA, followed by neutralization with 1.0 M Tris, pH 7.6/1.5 M sodium chloride. The membranes were then baked in a vacuum oven for 1 h at 80'C and screened by hybridization with the MUC-2 tandem repeat probe under the conditions described above. Plaques giving a positive signal were isolated, plated, and rescreened, with this process being repeated until clonality was finally obtained.
DNA sequencing. Sequencing was done using Ml 3mp18 and M13mpI9 vectors as single-stranded templates. The dideoxynucleotide chain termination method was used with a modified T7 DNA polymerase (Sequenase, version 2.0; United States Biochemical Corp., Cleveland, OH) (24) .
Thermal amplification. The tandem repeat regions of genomic DNA samples were amplified using low concentrations of DNA (50 ng/reaction) along with a high concentration ofprimers (25 pmol each/ reaction). The oligonucleotide primer flanking the 5' side ofthe tandem repeats was 5'-TGCCTCAACTACGAGATCAAC-3' (+ strand). The primer on the 3' side was 5'-ATTGGATGTGGTCAACTCAGC-3' (-strand). Reaction conditions were 67 mM Tris, pH 7.6, 16.6 mM (NH4)2SO4, 6.7 mM MgCI2, 10% DMSO, 200MgM dNTPs, and 2.5 U of AmpliTaq (Perkin-Elmer Cetus Corp., Norwalk, CT) per reaction. DNA was denatured for 40 s at 94°C, followed by 1 min ofannealing at 55°C and 15 min of extension at 72°C. 14 cycles of amplification were used, because higher cycle numbers increased the possibility of self priming of the amplified product by the 69-bp tandem repeat regions.
Results
MUC-2 polymorphisms. Restriction fragment length polymorphisms of the MUC-2 gene have been noted in this laboratory and others (8, 9) . Further characterization of the structural basis for this polymorphism was felt to be necessary in order to better understand the individual differences that exist in this gene. TaqI polymorphisms were examined by blot analysis using genomic DNA isolated from the lymphocytes of 171 individuals. The vast majority of these samples contained either two or three bands in the size range between 1.7 and 2.3 kb (Fig. 1 A) . All ofthe samples also contained numerous bands of 0.5 kb and below, as will be discussed later. When only the larger TaqI fragments were considered, the MUC-2 genotype in the population examined consisted primarily of just two alleles which were inherited in a Mendelian codominant fashion (8) . These alleles were designated either "A" or "B". Individuals homozygous for A alleles exhibited two bands at 2.3 and 2.1 kb, while those homozygous for the B allele had bands at 2.3 and 1.7 kb (Fig. 1 A) The distribution of alleles in Asians appears to be quite different than in Caucasians. 15 Asians were studied of whom 14 were homozygous for pattern A and one was heterozygous for pattern A/B. The difference in pattern distribution between Caucasians and Asians is significant at a P < 0.005 by Chi square analysis. The allele frequencies in both Caucasians and Asians are in Hardy-Weinberg equilibrium. Southern analysis using the restriction enzyme Hinfl has previously shown the MUC-2 gene to be polymorphic (8, 9) . Extending these observations to a large number of genomic DNA samples, we found that the Hinfi-digested samples contained either one or two major bands. These polymorphisms were independent ofthe homozygosity or heterozygosity ofthe same samples when digested with TaqI ( Fig. 2) Structural basis ofpolymorphisms in A clone was restriction mapped as shown in clone were then sequenced. The regions in both boundaries of the cross-hatched box i mined to consist oftandem repeats for at le nucleotides from either end with the direct determined to be from left to right. The b DNA fragment within the cross-hatched bc cessfully cloned into MI3mpl8, MI3mpl script, making direct sequence determinatio Hinf I ever, this region appears to consist entirely oftandem repeats as indicated by the experiment shown in Fig. 4 . The restriction enzyme BstEII was used to produce either total or partial restric- 6 Thermal amplification of the tandem repeat region of the MUC-2 gene was accomplished by using low concentrations of genomic DNA, high concentrations of primers flanking the tandem repeat region, and a low cycle number (see Methods). Southern analysis ofthe products was then performed using the MUC-2 tandem repeat probe (Fig. 5 A) . These amplified DNA samples from homozygous (left) and heterozygous (right) individuals corresponded well in size to the bands seen on Hinfl digests of these same individuals (Fig. 2, lanes A and a' ). The position of the oligonucleotide primers predicts that the thermal amplification products would be about 300 Thus, the polymorphisms in the 3' TaqI restriction fragment are due to variations in the length of the tandem repeat containing TaqI/ApaI fragment rather than the ApaI/TaqI fragment lying 3' ofthe tandem repeats. This is due to sequence variations within the individual tandem repeats, which place the 3' terminal TaqI site in different positions within the tandem repeat region (Fig. 6) . The upstream of the threonine/serine and proline rich regions containing the two repetitive arrays (Fig. 7, enclosed box) . These segments contain one threonine and one serine residue, and hence are not heavily glycosylated. Their role in the overall structure of mucin is not currently understood.
The sequence ofthe 3' portion ofthe GMUC clone immediately downstream of the tandem repeats was the same as the unique sequence of the cDNA clone SMUC 41 for 253 bp followed by a 727-bp intron before the coding sequence was encountered again. The second exon contains only 199 bp before another intron interrupts the sequence. While analysis of the gene 3' of the tandem repeats is not yet complete, comparison with cDNA sequences indicates that there are at least 7 introns in this region and that no length or sequence polymorphisms have yet been detected (data not shown). The coding regions of the GMUC clone both 5' (Fig. 7, underlined ) and 3' (data not shown) of the tandem repeat array contain multiple cysteine residues. Discussion MUC-2 polymorphisms. All four of the currently known human mucin genes have been found to be polymorphic (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The MUC-1 gene has been the most thoroughly examined in this respect. Alleles of this gene have been identified that appear to contain from as few as 20 to as many as 125 tandem repeats (6) . mRNA and protein species whose lengths correspond to these alleles have also been identified. However, it has not been possible to demonstrate that large MUC-2 alleles give rise to comparably large gene products and vice versa, due mainly to two factors. First, the MUC-2 protein is far too large to be accurately sized by electrophoresis. Second, the MUC-2 message as determined by blot analysis, is quite polydisperse. Therefore, more indirect methodology was required to examine the allelic variations within the MUC-2 gene.
The MUC-2 gene exhibits a sequence polymorphism that is Pl T4 T4 T4 P3 SO P2 PI T4 T4 T4 T7 T4 T4 P2   3   PI Pl T 4 T4 T4 P3 SS P2 P I T4 T4 T6 T4 T4 P2   4   PI PI T4 T4 TS P3 SS P2 PI SS T4 T7 T4 T4 P2   5   P1 PI T4 T4 TS P3 SS   6   P2 PI T4 T4 TS P3 S8   7   a   P2 PI T4 T4 TS P3 SO P2 PI T7 T4 T4 T7 T4 T4 More significantly in terms of protein structure, the MUC-2 gene was also found to exhibit length polymorphism in its tandem repeat array. This was suggested by blot analysis using Hinfl (Fig. 2) and confirmed by thermal amplification using primers flanking the tandem repeats (Fig. 5) . The MUC-2 gene therefore appears to have alleles with VNTRs as has been reported for MUC-1 (2) . In this study, alleles were detected which varied between 51 and 1 5 tandem repeat units (calculated from the data in Fig. 2) . The size distribution ofMUC-2 alleles does not appear to vary as dramatically as is the case with MUC-1 alleles, with the majority of the alleles examined containing -100-1 15 tandem repeat units. Thus, the most common size for the tandem repeat domain in the MUC-2-type intestinal mucin is slightly more than 2,300 amino acids. Even without taking into account the sizes of the carboxy-and amino-termini, the MUC-2 protein is very large, indeed.
MUC-2 gene and GMUC clone. The GMUC genomic DNA clone is 11 kb in length, or 4 kb shorter than the BamHI fragment from which it was derived, due to a deletion occurring within the tandem repeat array. Several lines of evidence support this conclusion. First, the sequence of the GMUC clone immediately downstream from the tandem repeat array is the same as the corresponding sequence in the SMUC 41 cDNA (9) , implying that the 3' portion ofthe sequence has not been artifactually recombined. Second, thermal amplification using primers based upon sequences flanking the tandem repeats in GMUC gives a 7-kb band with genomic DNA, whereas this distance is -3 kb in GMUC. This strongly suggests that 4 kb has been deleted from the tandem repeats in GMUC. Finally, blot analysis using Hinfl indicates that the tandem repeat array in both alleles of the genomic DNA sample used for library preparation is 7 kb, rather than the 3 kb which would be expected from analysis of the GMUC clone. Given the high degree of sequence similarity between repeat units, this deletion is likely to have occurred via an unequal crossover during phage propagation. The high number ofplaques that had to be screened to obtain this single stable clone reflects its rare and serendipitous nature.
The experiments shown in Figs. 4 and 5 suggest that the tandem array ofboth the GMUC clone and the MUC-2 gene is uninterrupted. Thus, the tandem repeat region appears to be contained within a single exon. Clearly, it would be more desirable to demonstrate this by cloning and sequencing the entire tandem repeat array; however, given the problems encountered in cloning this region, this does not appear to be practical.
The presence of the 1,077-bp repetitive segment in the 5' portion of the GMUC clone is quite intriguing. This DNA segment encodes a peptide that is very rich in threonine and proline and in this respect is similar to the 69-bp tandem repeats. This is perhaps further evidence for the role ofproline as a recognition factor for the glycosyltransferases responsible for O-linked oligosaccharide synthesis (25, 26) . This region is dissimilar to the 69-bp tandem repeats however, in that its 16
Muc-2 Human Small Intestine Mucin Gene Structure 1011 amino acid repeat units are often noncontinuous. Furthermore, it should be noted that several of the interrupting sequences found in this region ofthe GMUC clone share considerable sequence similarity (Fig. 8 , repeats 5, 6 , and I1; the terminal 7 amino acids of 7b, 8b, and lOb; and the terminal 8 amino acids of 9b and 1 Ib). Thus, the MUC-2 gene has at least two different sizable repetitive domains. Both of these domains are found on the same large exon, separated by -600 bp. This is the first mucin found to have two repetitive domains rather than just one. It will be interesting to determine if these domains developed separately or whether they evolved as a continuous unit over time. The current working model of the MUC-2 glycoprotein present in the GMUC clone is shown in Fig. 9 .
The presence of multiple cysteine residues both 5' (Fig. 7 , underlined residues) and 3' (data not shown) strongly supports the idea that the MUC-2 codes for a secreted mucin, because disulfide bonding is necessary for the formation ofa mucus gel. The potential offorming multiple disulfide bonds in the mucin molecule makes possible head-to-tail, head-to-head, and tailto-tail arrangements of mucin molecules. This could allow both linear arrays and the "windmill" type conformation without the need for a "link" peptide (1, 27) .
This study provides the first characterization of the major structural features of the MUC-2 gene including the tandem repeat region, which is the source for the polymorphisms seen in the MUC-2 gene ofnormal subjects. A separate highly repetitive region encoding a high concentration ofpotential O-glycosylation sites and having a highly unusual structure is also described. The structure of this widely distributed mucin may provide important insights into the mechanisms by which secreted mucins perform their functions.
